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ABSTRACT
Background and Purpose: Sit-to-stand 
(STS) and static standing mechanics are 
related to fall risk and function after hip frac­
ture. Often, these patients avoid weight bear­
ing on the fracture side after rehabilitation. 
The purpose of this study was to use a novel 
clinically-relevant protocol to examine stand­
ing and STS vertical ground reaction force 
(vGRF) in light of perceptual measures of 
loading symmetry and muscle torque produc­
tion in this population. Methods: A person 
post hip fracture performed 3 different STS 
conditions and 2 simple load-matching tasks. 
Motion, force plate, and perceptual data on 
weight distribution and load were collected. 
Findings: Standing and STS asymmetry 
were not explained by strength. A perceptual 
issue may be limiting performance progress 
in achieving symmetry. Clinical Relevance: 
Active task-specific training, augmented by 
attention to perception of movement, load, 
or strength, may assist in attaining symme­
try in STS. Conclusion: Some patients may 
benefit when mechanical and perceptual per­
formances are considered together.
KeyWords: sit-to-stand, center-of-mass, 
loading, perception
BACKGROUND
Physical therapy practitioners working 
across many different practice settings are 
acutely aware of the significant public health 
issues resulting from the onset of a hip frac­
ture and its sequelae. It has been estimated 
that on a worldwide basis, hip fracture 
impacts 1.6 million people annually; the 
majority are female.1 O f those who sustain a 
hip fracture, approximately 18% to 30% will 
die within the first year post onset.2,3 More 
than half of these individuals will fall at least 
one time in the year following initial frac­
ture, and 28% will sustain more than one fall 
within this timeframe.4 Nineteen percent will 
fall while moving from sit-to-stand (STS) or 
sit to walk.3
Activity-based Limitations
Activity-based limitations have been 
studied extensively.3,6'8 Following fracture,
approximately 34% to 59% of individuals 
will resume their pre-fracture basic activi­
ties of daily living (ADLs) function by 3 
months, with this proportion increasing to 
42% to 71% at 6 months.6 In one prospec­
tive study of older adults followed pre- and 
post-fracture, the functional declines noted 
across time were 3 times larger in those who 
went on to fracture, compared to the non­
fracture group.9 An inability to attain pre­
fracture functional status has been clearly 
evident in activities involving the use of the 
lower extremities, and this has led to new 
levels of dependency after fracture onset.7 
When individuals considered independent 
with basic mobility skills before fracture are 
assessed one year after this event, half will 
require assistance when rising from an arm­
less chair or attempting to walk one block, 
more than two-thirds will need help with 
toileting and bathing transfers, and 90% will 
need help when climbing stairs. These values 
for dependency in lower extremity functional 
task completion do not improve significantly 
at the 2-year post-fracture mark.7
Sit-to-Stand Variables Following Hip 
Fracture
One of the lower extremity tasks that has 
been studied extensively in older adults and 
in those recovering from hip fracture is the 
STS transition.3,10'15 This transition forms a 
necessary link to achieving independence in 
a wide variety of self-care and mobility-based 
ADLs. Even in those individuals who achieve 
an independent status in rising from STS 
post-hip fracture, research has shown that 
altered movement strategies are frequently 
adopted.11'15 These movement modifications 
are initiated in the preparation phase of the 
STS transition, which begins before the but­
tocks are lifted from the support surface, and 
continue into the rising phase, which begins 
at the time of seat-off. Studies have shown 
that during the preparation phase, the rate of 
force development under the involved limb 
is 42% lower than the uninvolved limb.11'13 
Kneiss et al13 report that during the rising 
phase of the transition, significantly lower 
peak involved side vertical ground reaction 
force (vGRF) has also been recorded, with
reductions of 27% compared to the non- 
fractured side. Significantly lower peak hip 
and knee moments and powers have been 
recorded on the involved side also, when 
compared to the non-fractured limb. To 
insure continued independence in rising, 
compensations for this involved side force 
reduction are routinely made, and include a 
reduction in the speed of rising, coupled with 
a strong reliance on uninvolved side knee 
extensor moments and powers.
By manipulating initial STS task con­
straints and difficulty, researchers have gained 
significant insight into the movement strate­
gies used to rise following hip fracture. This 
has been accomplished by asking subjects to 
rise independently with and without arm 
use.12 When upper extremity use was per­
mitted, individuals post-hip fracture dem­
onstrated a significantly higher arm impulse, 
compared to non-fractured control subjects.12 
Despite this representing an easier task over­
all, arm use did not significantly diminish the 
preferential reliance on the uninvolved lower 
extremity. An asymmetric movement pattern 
persisted, with a lower rate of force develop­
ment noted on the involved side during the 
STS preparation phase and a reduced vGRF 
measured during the rising phase. However, 
when required to perform a STS transition 
without arm use, these same individuals 
post-hip fracture demonstrated an ability to 
increase their involved side vGRF and rate of 
force development to a more reasonably func­
tional level, yet still preferentially depended 
on the uninvolved limb’s force production to 
rise. These findings suggest that the involved 
limb had the capacity to contribute in a more 
symmetric manner to the task of rising, and 
that it was capable of generating greater 
vGRF when a higher demand for use was 
imposed on it. The fact that an asymmetric 
movement strategy persisted, regardless of 
task difficulty, supports the concept that a 
pattern of learned non-use had been adopted 
by these individuals.
Achieving functional independence in 
transitioning from STS represents an impor­
tant milestone in the rehabilitation of an 
individual post-hip fracture. However, it is 
possible that an emphasis on function over
movement strategy may have a detrimental 
effect on the involved limb’s ability to real­
ize its maximal force-generating capacity 
during rising. Furthermore, physical thera­
pists themselves lack accuracy in judging 
the magnitude of the involved limb’s peak 
vGRF during rising, and this may limit how 
much emphasis is placed on remediating this 
learned non-use strategy. In a recent study of 
home health physical therapists who viewed 
videotapes of subject’s post-hip fracture inde­
pendently rising from STS, judgments of 
the involved limb’s vGRF were made with a 
mean accuracy of just 39%.16
Implications of Sit-to-Stand Asymmetry 
Variables
To further understand the asymmetric 
STS movement pattern seen following hip 
fracture, investigators have sought to explain 
its value as a clinical finding.11,13'15 Asym­
metries in the involved limb’s rate of force 
development during STS have been shown to 
have strong correlations with performance on 
the Berg Balance Scale (r = 0.80) and with 
gait speed (r = 0.81), while the peak vGRF 
of the involved limb also correlates well with 
gait speed (r = .72).13 Sit-to-stand force asym­
metry following hip fracture has also been 
shown to play a significant role in explain­
ing performance on a timed stair climb test 
and that it may assist physical therapists in 
making accurate predictions of function in 
high level upright tasks, such as stair climb­
ing, which rely on unilateral strength and 
control.14 Moderate to high correlations 
have also been demonstrated between lower 
extremity symmetry measurements of muscle 
function (strength and power) and vGRF 
symmetry in STS (r= 0.58-0.76).15
Training Efforts to Reduce Sit-to-Stand 
Asymmetry
Although many investigations have pro­
vided insight into the magnitude of STS 
asymmetry following hip fracture, few have 
specifically addressed its clinical manage­
ment. Briggs and co-workers15 recently 
completed a longitudinal study to address 
asymmetry using multimodal training with 
activities such as high intensity strengthen­
ing, task specific training, and balance and 
gait training. An emphasis was placed on 
rising symmetry and regaining confidence 
during training. This intervention resulted 
in significantly greater symmetry of lower 
extremity vGRF variables during STS and 
improved knee extension strength and power 
on the involved limbs. Despite the rigors of 
this program and the gains that were realized, 
the asymmetry of specific STS variables and
of muscle performance tests that remained 
post-training exceeded those that were previ­
ously measured in healthy older adults.11,13,15 
These findings may suggest that there may be 
another factor contributing to the asymme­
try that was not addressed by this multimodal 
intervention approach.
Perception
Although significantly different etiologies 
prevail, the asymmetric rising patterns and 
learned non-use strategy noted following hip 
fracture have similar characteristics to that 
seen following stroke.17 The nature of stroke, 
with its multiple body system involvement, 
has led investigators to consider the contri­
butions of factors such as muscle strength 
and activation, sensation, and perception as 
some of the possible contributing factors to 
the pattern of asymmetric rising.17 Differ­
ent aspects of perception have been consid­
ered in research involving those with stroke, 
including perceptions of weight bearing load 
or force, level of effort, and verticality. In 
contrast, research involving those recovering 
from hip fracture revolves mainly around the 
musculoskeletal factors that interact, since 
this body system is clearly compromised in 
this situation. It is possible, however, that 
even in this population of patients, the motor 
strategies that emerge in STS transitions are 
dependent on the contributions of other body 
systems and functions, such as perception. To 
date, however, the concept of perceptual defi­
cits contributing to asymmetry following hip 
fracture has not yet been explored.
CASE DESCRIPTION
The following patient was recruited as 
part of a larger ongoing study that seeks to 
identify the various mechanisms behind 
chronically asymmetric left/right loading 
during STS. There are several hypotheses: 
(I) Strength deficits will not fully account 
for loading asymmetries in some fully-reha­
bilitated patient’s post-hip fracture. (2) These 
patients will not be able to accurately perceive 
their loading asymmetry, nor spontaneously 
fix it. (3) Asymmetric individuals will use 
perceived sense of effort, rather than actual 
sense of force, to determine load distribution 
through the feet.
This subject is a 74-year-old female who 
sustained a hip fracture of her dominant leg 
following a fall that was managed surgically 
with total joint arthroplasty. Beyond a mild 
postsurgical infection, the subject's reha­
bilitation was unremarkable; her health was 
otherwise stable. She successfully completed 
a standard course of physical therapy, and 
was tested in our motion analysis laboratory
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6 months after surgery. She was able to rise 
from a standard height chair without using 
arms, to walk independently in the commu­
nity, and attend a one-hour exercise class 3 
times weekly. No sensory deficits existed.
METHODS
The broad goal was to integrate STS motor 
performance data with measures of strength, 
perceived effort of difficulty, perceived load, 
and perceived load distribution through the 
feet. Kinematic motion was analyzed using 
a Qualysis 3D system (10 cameras, 100Hz 
rate, 6Hz Butterworth filter) with two AMTI 
force plates (1,000 Hz), C-Motion Visu- 
al3D (with Dempster Hanavan for COM) 
and DataGraph software (Visual Data Tools 
Inc.). There were 3 STS conditions: (1) natu­
ral "self-selected," (2) a "50/50 fix" trial in 
which the subject was given feedback on her 
prior "self-selected" symmetry performance 
and then encouraged to concentrate on equal 
left-right weight distribution during another 
STS bout, and (3) "maximal excursion" STS 
trials in which the subject was asked to place 
as much weight as possible through one leg, 
without falling, while rising to stand (Figure
1) . For STS, the subject was seated on a 
custom-built platform (armless and back­
less) that was adjusted to achieve the follow­
ing start position: hip flexion 90°, thigh level 
with floor, feet even at shoulder's width, self- 
selected natural knee/ankle (up to 15° ankle 
dorsiflexion), and hands positioned with 
palms touching ("prayer position").
Perception during STS was assessed using 
a custom-built Visual Analog Scale (VAS) 
device. Immediately after each STS bout, the 
subject was asked to move a sliding marker 
from a centered position toward either the 
left or right (up to 3 inches each) to reflect 
the magnitude of her perceived left-right 
weight distribution during the rising (Figure
2) . The experimenter then recorded marker
position from a digital display (ie, 70/30).
Isometric knee extensor maximal strength 
was tested bilaterally in sitting, at 90°, with 
a load cell at each distal tibia (Kistler Force 
Link 931 IB at 1,000 Hz, low pass filtered at 
10Hz, 49.99 N/v). With this same arrange­
ment, a force matching task was used to 
assess the individual's accuracy in perceiving 
submaximal muscle torque production. The 
subject was asked to generate a self-selected 
isometric knee extension torque on one side, 
then rest, then replicate the exact same torque 
on the contralateral side. The matching was 
performed twice, with the fractured and non- 
fractured limbs each having the opportunity 
to serve as the referenced standard for the 
other. The subject did not numerically assign
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a VAS estimate to the torque, because low 
efforts are difficult to meaningfully rate with­
out a submaximal reference.
A matching task was also used to assess 
loading perception through the feet. From a 
static standing position, the subject was asked 
to shift a self-selected amount of weight 
toward one side, return to upright neutral, 
and then replicate the exact same load on 
the contralateral side (Figure 3). This was 
done twice, with each leg serving as the refer­
enced standard. Immediately after each trial, 
the subject used the VAS device to offer her 
quantitative perception of the chosen load 
distribution through the feet (ie, 60/40).
FINDINGS
The subject had equal knee exten­
sor muscle strength, with only 0.3% body 
weight (BW) difference between legs (Table 
1). The accuracy of her extensor torque per­
ception is excellent, with a small matching 
over-estimate of target torques by approxi­
mately 2% BW; this existed no matter which 
lower extremity served as the standard. This 
evidence suggests that neither knee extensor 
muscle weakness nor muscle torque percep­
tion account for asymmetries in sit-to-stand 
and matching tasks while standing.
During self-selected STS, the subject 
avoided loading the fracture leg, resulting in 
a vGRF asymmetry of approximately 12% 
(Table 2; Figure 4*). The subject sensed that 
she was asymmetric. Her VAS perceptual load 
rating was excellent in the non-fracture leg for 
both the STS and static standing tasks (within 
3-5%); loading perception for the fractured 
leg was more accurate for the static standing 
task (4% error) than the STS task (13% error) 
(Table 2). After the actual magnitude of left- 
right vGRF asymmetry was disclosed to the 
subject as summary feedback, she was able to 
minimize the left-right difference to approxi­
mately 2% BW. To achieve this improvement, 
the subject's strategy was to pre-load the 
fracture-side's foot prior to standing, while 
still sitting (Figure 4+). She also successfully 
moved the center-of-mass closer to midline 
during STS (Figure 5+). However, during 
static standing, after the rise was complete, 
she was unable to maintain the center of mass 
(COM) at midline (Figure 5++).
During static standing, the subject had 
a significant load distribution asymmetry 
between the fractured side (31% BW) and 
non-fractured side (68% BW) (Table 2; 
Figure 4**). This 37% difference was reduced 
to 11 % after summary feedback was given 
(Figure 4++).
The STS maximal excursion tests revealed 
a large difference in motor performance
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between the left and right sides (Figure 1). 
The COM excursion from midline was 32% 
less on the fracture side (not shown). The 
non-fracture side accepted 27% more BW 
than the fracture side (Table 2; Figure 6*) 
despite the two sides having nearly equal knee 
extensor strength. The subject's VAS score 
suggests that she had an accurate percep­
tion of this difference during maximal load. 
As observed earlier, the subject's strategy to 
improve STS weight bearing on the fracture 
side was by pre-loading it in sitting, prior 
to rising (Figure 6+). Interestingly, after the 
subject was required to bear that large load 
on the fracture side during STS, she showed 
nearly perfect symmetry in static standing 
(48/50, Table 2; Figure 6++).
The VAS perceptual ratings of the mag­
nitude of a standing lateral shift were quite 
accurate for both the fracture and non-frac­
ture sides (5-7%), (Table 3; Figure 3). Based 
upon this, one might expect the subject to
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be highly accurate at matching loads between 
sides. Interestingly, this was not the case. The 
subject had a persistent residual mismatch 
of approximately 20% BW that seemed to 
be embedded in the fracture side (Table 3). 
When the fractured leg was used to produce 
the referenced standard, the match target was 
over-shot by 18% (Figure 7**). When the 
fracture leg was used to produce the match, 
it was under-shot by 22%. Similarly, COM 
excursion was reduced by approximately 17% 
when the fracture side set the standard for 
matching (Figure 8). A contributing factor to 
the poor matching could have been the asym­
metric vGRF loading observed during quiet 
standing, at the start of each matching task.
CLINICAL RELEVANCE
In summary, these findings offer sup­
port to the clinically important concept that 
strength deficits alone do not fully explain 
loading asymmetry after hip fracture.15 
Despite our subject’s ability to accurately 
perceive movement and torque limitations, 
she was still unable to spontaneously correct 
loading asymmetries without being given 
quantified summary feedback prior to prac-
* •
»  V-
Figure 2. Subject ottering an estimate 
of her left-tight sit-to-stand loading 
symmetry, using a custom-built 
digital visual analog scale device.
’k ?
ticing the task. That practice likely required 
her to make complex perceptual adjustments 
to recalibrate senses of effort and force. Max­
imal weight bearing on the fractured side 
during STS led to improvements in vGRF 
symmetry during STS and static standing. 
Matching tasks may be a useful clinical tool 
for addressing loading symmetry.
L im ita tio n s
The results of this case are limited by
several factors due to the study design. The 
findings are not generalizable, based upon a 
single subject. We chose “strength” to be rep­
resented by isometric knee extension torque. 
However, other muscles also contribute to 
COM control during STS. For example, 
during the middle “transition” phase of STS, 
biceps femoris and gluteus maximus have 
been shown to play a key role.18 During 
matching tasks, we allowed the subject to 
self-select her own load or excursion. How­
ever, it may be that perceptual estimates are 
magnitude sensitive. For example, it may be 
easier to perceive symmetry differences at 
80/20 (left/right) than at 65/35. Finally, our 
paradigm addressed motor performance and 
not motor learning.
CONCLUSIONS
In the rehabilitation of an individual 
post-hip fracture, there is potential clinical 
benefit to be found in the integration of stan­
dard motion and force data with data from 
perceptual-heavy tasks such as VAS rating, 
load matching during weight bearing, torque 
matching during isometrics, and maximal 
excursion during STS.
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Figure 6. Vertical ground reaction force data for two 
discontinuous sit-to-stand trials: (1) thick lines = maximal 
excursion to the non-fractured “ok” side, (2) thin lines = 
maximal excursion to the fractured side. Red = fractured leg. 
Green = non-fractured leg. See also Table 2, Figure 1.
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VAS, visual analog scale; BW, body weight; max, maximum; fit, fracture; 
ok, non-fractured
Key: * = see the * icon in the figure;7 = see Figure 7.
Match vGRF load sense while standing
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(the standard), then replicate that load on the contralateral 
side (the match). (1) brown half = when the fractured leg 
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fractured “ok” leg was the reference standard. Red = fractured 
leg. Green = non-fractured leg. See also Table 3, Figures 3, 8.
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leg was the reference standard. See also Figures 3, 7.
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